Autism and autism spectrum disorder (ASD) typically arise from a mixture of environmental influences and multiple genetic alterations. In some rare cases, such as Timothy syndrome (TS), a specific mutation in a single gene can be sufficient to generate autism or ASD in most patients, potentially offering insights into the etiology of autism in general. Both variants of TS (the milder TS1 and the more severe TS2) arise from missense mutations in alternatively spliced exons that cause the same G406R replacement in the Ca V 1.2 L-type calcium channel. We generated a TS2-like mouse but found that heterozygous (and homozygous) animals were not viable. However, heterozygous TS2 mice that were allowed to keep an inverted neomycin cassette (TS2-neo) survived through adulthood. We attribute the survival to lowering of expression of the G406R L-type channel via transcriptional interference, blunting deleterious effects of mutant L-type channel overactivity, and addressed potential effects of altered gene dosage by studying Ca V 1.2 knockout heterozygotes. Here we present a thorough behavioral phenotyping of the TS2-neo mouse, capitalizing on this unique opportunity to use the TS mutation to model ASD in mice. Along with normal general health, activity, and anxiety level, TS2-neo mice showed markedly restricted, repetitive, and perseverative behavior, altered social behavior, altered ultrasonic vocalization, and enhanced tonecued and contextual memory following fear conditioning. Our results suggest that when TS mutant channels are expressed at levels low enough to avoid fatality, they are sufficient to cause multiple, distinct behavioral abnormalities, in line with the core aspects of ASD.
Autism and autism spectrum disorder (ASD) typically arise from a mixture of environmental influences and multiple genetic alterations. In some rare cases, such as Timothy syndrome (TS), a specific mutation in a single gene can be sufficient to generate autism or ASD in most patients, potentially offering insights into the etiology of autism in general. Both variants of TS (the milder TS1 and the more severe TS2) arise from missense mutations in alternatively spliced exons that cause the same G406R replacement in the Ca V 1.2 L-type calcium channel. We generated a TS2-like mouse but found that heterozygous (and homozygous) animals were not viable. However, heterozygous TS2 mice that were allowed to keep an inverted neomycin cassette (TS2-neo) survived through adulthood. We attribute the survival to lowering of expression of the G406R L-type channel via transcriptional interference, blunting deleterious effects of mutant L-type channel overactivity, and addressed potential effects of altered gene dosage by studying Ca V 1.2 knockout heterozygotes. Here we present a thorough behavioral phenotyping of the TS2-neo mouse, capitalizing on this unique opportunity to use the TS mutation to model ASD in mice. Along with normal general health, activity, and anxiety level, TS2-neo mice showed markedly restricted, repetitive, and perseverative behavior, altered social behavior, altered ultrasonic vocalization, and enhanced tonecued and contextual memory following fear conditioning. Our results suggest that when TS mutant channels are expressed at levels low enough to avoid fatality, they are sufficient to cause multiple, distinct behavioral abnormalities, in line with the core aspects of ASD.
channelopathy | CACNA1C | mouse model of psychiatric disease | sociability | communication A utism and autism spectrum disorder (ASD) are characterized by the concomitant occurrence of impaired social interaction; restricted, perseverative, and stereotypical behavior; and abnormal communication skills (1) . However, the etiology remains largely unknown, in large part because most cases of ASD arise from a mixture of multiple environmental and multiple genetic influences (2) , making it difficult to forge causal links to behavior. In the face of such complexity, insights might be gleaned from simple forms of ASD, generated by single, highly penetrant mutations. Timothy syndrome (TS), is a rare disorder strongly associated with autism or ASD (penetrance w75%; P = 1.2 × 10 −8 ). Other symptoms of TS include long QT syndrome, webbed fingers and toes, dysmorphic facial features, and immunodeficiency (3) . Importantly, Splawski et al. (3) traced the disease to a single nucleotide mutation in the gene encoding the pore-forming subunit of an L-type calcium channel (Ca V 1.2). This sporadic glycine-to-arginine mutation is located at position 406 in exon 8A [Splawski' s terminology (3), VNDAV-coding exon, low (w20%) expression in brain and heart]. If a Gly-toArg mutation occurs in the more highly (w80%) expressed (4) alternative exon 8 (MQDAM-coding exon, 59 of exon 8A) it causes a more severe variant of TS (TS2). In heterologous expression systems, the TS1 and TS2 mutations sharply reduce channel inactivation (3, 5) , possibly inducing heightened Ca 2+ influx as a contributing factor to the multisystem defects in vivo.
We generated a TS2-like mouse but found that neither heterozygous nor homozygous mice survived to weaning, perhaps related to the predominant expression of exon 8 in brain and heart and a lethally high level of mutated channels. However, heterozygous mice that were allowed to keep an inverted neomycin cassette in exon 8A (TS2-neo) survived through adulthood. This might be due to lowered expression of the G406R L-type channel via transcriptional interference, blunting deleterious effects of the mutation. Capitalizing on the survival of the TS2-neo heterozygotes, we conducted an extensive behavioral analysis. These animals exhibited impaired social interaction and vocalization, and restricted and repetitive/perseverative behavior, key features reminiscent of ASD.
Results
Normal General Health, Anxiety Level, and Diurnal Rhythm of TS2-Neo Mice. The heterozygote TS2-neo mice, hereafter referred to simply as TS2-neo mice, were constructed at a commercial facility and routinely grew to adulthood, breeding well without intervention (SI Materials and Methods). Attempts to remove the Neo cassette proved unsuccessful: all 5 pups positive for removal of the Neo cassette (out of 56 total) were stillborn. Clonal analysis of TS2-neo heterozygous mice revealed a low expression of the mutated channel, suggesting transcriptional interference from the neomycin cassette (SI Materials and Methods). In an array of control tests, TS2-neo male mice scored normally for general physical characteristics, motor abilities, and reflexes (Table S1 ). The pattern of locomotor activity was tested in a home-cage environment over 5 d with 12 h light/dark cycles (Fig. 1A) . TS2-neo mice, like WT mice, displayed high activity during the dark periods and low activity during light periods (Fig. 1B and Fig. S1B ). No significant differences were found between genotypes during either the dark or light periods for multiple activity parameters, including average time spent moving and distance moved ( Fig. 1 B and C and Fig. S1C ).
To test locomotor activity in a novel environment (NE), mice were put into a novel arena (activity chamber) for 5 min in the dark (Fig. 1D) . The mutant mice spent a smaller fraction of time moving [time course: F(1,540) = 4.68, P = 0.03; cumulative: P = 0.03], displayed fewer ambulatory movements (P = 0.03), and traveled a smaller distance than WT mice (P = 0.04) ( Fig. 1 E and F and Fig. S1D ) without differences in other parameters of exploratory activity (Fig. S1 D and E) . Furthermore, thigmotaxis (wall hugging), often considered as an index for anxiety, was not significantly different between genotypes [F(1,540) = 0.007, P = 0.93] (Fig. S1F) . Similarly, no thigmotaxis could be detected in the open field test (P = 0.33) (Fig. S1H) .
To test whether increased anxiety causes the decreased activity in a NE, we performed two more tests, starting with the light/ dark box ( Fig. 2A) . The fraction of time spent in the dark area of the light/dark box is generally believed to be a measure of anxiety. The responsiveness of this test was initially validated with WT mice (C57BL/6J) preexposed to predator odor (Fig. S2A) . The introduction of the TS2-neo modification had no significant effect on the fractional time mice spent in the dark area [time course: F(1,207) = 0.004, P > 0.8; cumulative: P > 0.8] (Fig. 2B) . TS2-neo mice did display less overall activity in the NE (P < 0.02) (Fig. S2B) , as in Fig. 1F .
Anxiety was probed further in the elevated zero maze, an annular platform with two closed and two open quadrants (Fig.  2C) . We first validated the test by showing that preference for closed quadrants, the index of anxiety, was lessened by diazepam treatment without indications of sedation ( Fig. S2 C and D) . TS2-neo mice were not significantly different from WT littermates in their preference for the closed quadrants [time course: F(1,140) = 0.20, P > 0.6; cumulative: P > 0.2] or in the number of open quadrants entries (P > 0.7, Fig. 2D and Fig. S2E) .
The results described thus far indicated that TS2-neo animals were not significantly impaired with regard to general health, home-cage activity, or anxiety. They appeared slightly less active than WT in a NE. These findings provide a backdrop for the striking behavioral differences reported below.
Decreased Approach Behavior to a Novel Environment. To test aversion to novelty, mice were exposed to a new paradigm that called for a choice between the home-cage and a NE. After habituation to the home-cage for 5 d, we attached an annex to the home-cage, consisting of a tube leading to a second chamber (Fig. 3A) , and monitored behavior for 15 min. TS2-neo mice showed a greater latency to sniff at the tube (P = 0.02) and to enter it (P = 0.03) ( Fig. 3B and Movie S1) and entered the NE less often (P = 0.01) (Fig. 3C) . Furthermore, TS2-neo mice spent less than half as much time in the NE [time course: F (1,308) = 6.37, P = 0.02; cumulative: P = 0.02] (Fig. 3D ) but remained a correspondingly longer time in the shelter, not in the open area of the home-cage (P = 0.01) (Fig. 3E) . The genotypes did not differ in shelter time if no annex was attached (Fig. S1C ).
Evidence for Repetitive and Perseverative Behavior in Marble Burying
Task, Morris Water Maze, and Water Y-maze. Repetitive, restricted, and perseverative behavior, of the ASD triad, may be further subdivided into "lower order" repetitive sensory-motor behaviors and "higher order" insistence on sameness (6) . Corresponding traits were examined with a variety of assays, starting with the marble burying test, wherein mice are scored for the number of marbles they bury from the top of bedding (Fig. 4A) . Increased marble burying is thought to be an index for repetitive/ perseverative behavior and compulsion, as supported by animal models of ASD and experiments with serotonin reuptake inhibitors used to treat the condition (7, 8) . Marble burying is also inhibited by calcium channel antagonists (9) . TS2-neo mice buried 5.4 ± 1.0 marbles over a 30-min period, twofold more than their WT littermates (2.7 ± 0.6 marbles; P = 0.03).
Spatial reference memory acquisition and retrieval were tested in a classic hidden platform Morris water maze (MWM). Both genotypes performed equally well in learning the location of the platform and recalling that location after platform removal, with no detectable difference in escape latency, in time spent in the target quadrant, or in other parameters ( Fig. S3 A and B) . A difference emerged when the hidden escape platform was moved to a new location to test reversal learning. TS2-neo mice spent significantly more time searching in the previous location (P < 0.03 for trials 1-4, Fig. 4B ; P < 0.04 for trials 1-8) (Fig. S3C ) without significant differences in overall motor performance (Fig. S3D) . Thus, TS2-neo mice performed normally for spatial reference memory acquisition and retrieval, but showed mild signs of perseveration during reversal learning.
A new cohort of mice was tested in a water Y-maze, a test that called for a simple left/right decision (8) (Fig. 4C ). TS2-neo mice and WT littermates were equally capable of finding and recalling a submerged escape platform in one of two target arms but exhibited a significant deficit in reversal learning after the platform was switched to the other target arm [F(1,80) = 6.197, P = 0.02] (Fig. 4C) . Indeed, four TS2-neo mice and one WT mouse never entered the correct target arm during reversal learning even after 25 trials (Fig. 4D ). Subjecting these animals to blockade of the incorrect arm in an attempt to coax the choice of the correct arm, led to correct choices by the WT animal. However, three out of four TS2-neo mice never entered the correct arm even after 5 further trials (Fig. 4D) . In many trials, the TS2-neo mice pushed their noses against the partition blocking the incorrect arm before returning to the origin for another attempt (Movie S2), thus displaying a striking perseverative phenotype. The results from water Y-maze, marble burying, and MWM tasks provide consistent evidence in support of increased repetitive and perseverative behavior in TS2-neo mice.
Altered Social Behavior in an Automated Social Home-Cage Assay.
Social behavior, so profoundly altered in ASD, is often tested in mice with the classical three-chamber test (10) . In this 10-min test, both TS2-neo and WT mice met the conventionally defined criteria for sociability by exhibiting relatively greater interest in a corral harboring a mouse than an empty corral (corral preference: WT, P < 0.0001; TS2-neo, P < 0.0001 and chamber preference: WT, P < 0.0001; TS2-neo, P < 0.05) (Fig. S4A) . Interest in the occupied corral might be driven by transitory interest in a moving object rather than sociability per se. We prolonged the test to 4 h to allow such interest to habituate (Fig.  5A) . Testing was performed in the dark period in a home-cage. An infrared camera tracked the behavior in absence of an experimenter. In the initial 10 min, both genotypes spent significantly more time in proximity of the occupied corral than close to the empty corral (P < 0.0001) (Fig. 5B) . WT mice maintained this initial trend over all 4 h, whereas the TS2-neo mice lost this preference after the first hour, and, if anything, showed the opposite difference over the remaining time (Fig. 5C ). To analyze the behavior after the initial habituation, we focused on the performance during the last 2 h. An intensity map depicts the ratio of TS2-neo vs. WT time in pseudocolor (Fig. 5D) . Pixels surrounding the empty corral are largely red, indicating a longer dwell time of TS2-neo animals, whereas pixels near the strangeroccupied corral are largely blue, indicating shorter dwell time of TS2-neo mice. To analyze the preference for the occupied corral in individual animals, we determined a preference index (ratio of time close to occupied vs. empty corral). Thus, sociability is reflected by a preference index greater than unity. Collectively, TS2-neo mice showed significantly less preference for the occupied corral than WT mice (Fig. 5E ) (P = 0.04). Whereas 8 of 12 WT mice preferred the occupied corral, 10 of 12 TS2-neo mice preferred the unoccupied corral (Fig. 5E) . Again, no differences were found for total time spent near the corrals, time spent moving, or distance moved (Fig. S4 C-E) . Overall, the homecage assay for social behavior revealed a distinct deficit in the TS2-neo mice with regard to social preference. We further explored social memory in a six-trial social memory test (Fig. S4H) . Mice repeatedly exposed to the same ovariectomized female intruder (OEF) for four consecutive trials were then presented with a novel OEF in the fifth trial. Both mutant and WT mice showed significant habituation to the same OEF (WT, P < 0.01; TS2-neo, P < 0.001), and dishabituation to the novel OEF (P < 0.01). Following a suggestion from R. Paylor (Baylor College of Medicine, Houston), we extended the test by adding a sixth trial with the same OEF, wherein both genotypes displayed significantly reduced interest (WT, P < 0.01; TS2-neo, P < 0.0001). By these criteria, TS2-neo mice appear unimpaired with regard to social memory. The results thus far demonstrate robust phenotypes consistent with two ASD core traits. At this stage, we addressed potential complications arising from the neomycin cassette left in exon 8A, which reduced expression of mutant exon 8, most likely by transcriptional interference (SI Materials and Methods), and introduced a stop codon in exon 8A, normally much less prevalent in brain than exon 8. Both actions would attenuate the expression of the modified Ca V 1.2 allele. Therefore, we performed control experiments in heterozygote knockout mice (Ca V 1.2 +/− ) (Fig. S5) . Ca V 1.2 +/− mice were severely hypoactive compared with control littermates, both in their home-cage and in a NE (activity chamber), and exhibited significantly increased anxiety, as shown by increased thigmotaxis (Fig. S5 A-G) . Regarding restricted and repetitive behavior, Ca V 1.2 +/− mice performed normally both in the annex and marble burying tests (Fig. S5 H-K) . In the automated social home-cage assay, the preference of Ca V 1.2 +/− mice for the occupied corral was no different from that of the WT littermates (Fig. 4, Inset and Fig. S5 L-O) . Taken together, these observations indicated that TS2-neo mice have a phenotype that is distinct from Ca V 1.2 +/− mice, suggesting that gene dosage effects do not account for the TS2-neo phenotype. We returned to the TS2-neo animals for further tests of behaviors relevant to other core features of ASD.
Altered Ultrasonic Vocalization. We attempted to assess communication in TS2-neo mice by studying ultrasonic vocalization (USV) patterns of pups separated from their dam and litter (11) (Fig. 6A) . USVs are thought to mediate communication because pup USV calls induce pup approach and retrieval by the dam (11), even if presented in playback (12) . Testing for USVs of pups began on postnatal day (PND) 2 and was repeated on alternate days until PND 12. Calls in response to the separation paradigm were significantly shorter in duration for TS2-neo mice compared with WT littermates, roughly twofold briefer at PND 6, 8, and 10 [F(1,40) = 13.02, P = 0.007] (Fig. 6B) . On the other hand, no significant differences were found in body weight or in other aspects of calls such as number, peak frequency, and peak amplitude (Fig. S6) . The shorter duration of calls suggests that communication is altered in TS2-neo mice.
Increased Persistence of Tone-Cued and Contextual Fear Memory.
Having found that TS2-neo mice performed normally in place learning and memory (Fig. S3 A and B and Fig. 4C ), we went on to assess associative learning and memory. We used a well-known fear conditioning paradigm wherein mice learned to fear emotionally neutral conditional stimuli (context A and tone) through their pairing with an aversive, unconditional stimulus (foot shock). Mice were then scored for a fear response called freezing (Fig.   7A ). Memory acquisition was no different between TS2-neo and WT littermates (P = 0.2) (Fig. 7B) . Memory for association with tone, assessed by presenting the same tone within a different context (context B), was significantly enhanced in TS2-neo mice (ANOVA, P < 0.05 by post hoc test) (Fig. 7C, day 15) . Likewise, memory for association with context, measured by placing mice back into context A without any tone, was significantly increased in TS2-neo mice (ANOVA, P < 0.05 by post hoc test) (Fig. 7D, day  16 ). The decline of freezing, whether due to extinction or decay, was significant only in WT (day 3 vs. d 9, P < 0.05; day 3 vs. d 16, P < 0.001) but not in TS2-neo mice (Fig. 7D) . These effects were not due to (i) increased baseline freezing, as freezing was virtually absent in both genotypes before the first tone-shock presentation (Fig. S7A) , (ii) altered reaction to an auditory stimulus, as TS2-neo mice did not differ in freezing from WT mice during the first presentation of the tone (Fig. S7I) , or (iii) altered reaction to aversive stimuli, as assessed in the hot plate test (Fig. S7M) . Evidently, the TS mutation leads to enhanced persistence of both tone and context memory.
Discussion
TS is caused by a single G406R mutation in Ca V 1.2 channels and generates ASD in humans with a 75% penetrance. In mice, the mutation-bearing channel causes death at high levels of expression, but leaves basic functioning largely unaffected at lower levels (reduced to one-fourth in TS2-neo animals, SI Materials and Methods). TS2-neo mice exhibited distinct traits strikingly reminiscent of the entire core triad of ASD: repetitive/perseverative behavior, impaired social behavior, and impaired communication. TS2-neo mice also displayed enhanced fear memory, reminiscent of persistent memories (13) or abnormal fear associated with ASD (14) .
Normal Basic Behavior. Control tests suggested that the behavioral phenotype of TS2-neo mice was not caused by factors other than the TS mutation in brain. Although Ca V 1.2 is expressed in multiple organs, and the TS mutation leads to prominent cardiac disease (3, 4), TS2-neo mice were normal with regard to general health, basic sensorimotor functioning, locomotor activity, and diurnal rhythm. There were no signs of sensorimotor deficits or heart failure even under the high stress of the MWM.
The neomycin cassette left in exon 8A represents a potential confounding factor; although it allowed viability, it would be expected to lower the level of Ca V 1.2 expression overall. However, Ca V 1.2 +/− animals exhibit behavior inconsistent with that of the TS2-neo mice (Fig. S6) , suggesting that the phenotype in TS2-neo mice cannot be attributed to lowered expression of the channel.
Anxiety is a common comorbid symptom in ASD, although not a member of the core triad (1). We assessed the potential importance of anxiety for the behavior of TS2-neo mice by performing standard tests for anxiety, using an activity chamber, open field, light/dark box, and elevated zero maze. In each case, TS2-neo mice did not show an overt anxiety phenotype.
Repetitive, Restricted, and Perseverative Behavior. The doubling of marbles buried in the marble burying test, an assay for repetitive and perseverative behavior, was telling because this test was shown not to be confounded by anxiety, fear, or novelty (7). We also examined the animals' resistance to changes in environment, a higher order insistence on sameness. In the NE of the activity chamber, TS2-neo mice were slightly hypoactive without thigmotaxis, suggesting aversion to novelty but not increased anxiety. Aversion to novelty was also suggested when mice were confronted with a clear choice between a familiar home-cage and an unfamiliar annex, whereas TS2-neo mice showed normal approach-avoidance behavior when given a choice of two novel areas (light/dark box and elevated zero maze). Altered exploratory drive or increased inhibition did not seem causally involved because TS2-neo mice showed normal exploratory activity in a home-cage setting. Further evidence for insistence on sameness was found in MWM and water Y-maze. Mice exhibited a mild persistence in seeking an outdated platform location in the MWM and a persistence in repeatedly attempting to enter the wrong arm of the Y-maze, even when physically blocked. These tests provide striking, convergent evidence for both aspects of repetitive, restricted, and perseverative behavior in the mutant animals. It would be interesting to determine whether this behavior arises from defects in corticostriatal circuits, implicated in human ASD and mouse models of ASD and obsessive-compulsive disorder (15) .
Altered Social Behavior. Social behavior was tested in a newly devised automated social assay, incorporated within a home-cage environment. We mostly focused on ongoing social behavior after a habituation period when fractional time spent near occupied and empty corrals had fallen off. TS2-neo mice showed significantly less preference for the occupied corral than their WT littermates, a clear alteration of social behavior. It would be interesting to test other mouse models of ASD that have not displayed altered sociability in the three-chamber assay (16, 17) . In addition, TS2-neo mice would be a candidate to test for excitation/inhibition (E/I) imbalance in the medial prefrontal cortex (18) .
Altered Ultrasonic Vocalization. In the pup separation test, TS2-neo pups emitted ultrasonic calls lasting half their normal length, without significant reduction in number. This attenuation in vocalization is reminiscent of reduced communication in ASD. Fewer calls have been reported for pups lacking oxytocin, oxytocin receptor, neuroligin-4, and FoxP2 (11, 19) . On the other hand, pups of the MALTT mouse, the chromosome 15q11-13 duplication model, and the inbred strain BTBR T+tf/J display increased levels of vocalization (20) . findings from various anxiety tests, supports the notion that TS2-neo mice exhibit increased fear memory but no overt anxiety. Another gene-induced mouse model of ASD, the FKBP12-deficient mouse, shows normal anxiety but enhanced fear memory for context (but not tone) (8) , whereas the valproic acid-induced rat model shows increased anxiety along with enhanced tone and context fear memory (14) . Taken together, the behavior in various rodent models, including TS2-neo mice, is reminiscent of abnormal fear (14) and persistent memories (13) in humans.
Comparison with Other ASD Mouse Models, Possible Mechanisms, and Future Directions. With some possible exceptions (20, 21) , genes associated with ASD can be roughly divided into two major groups (22) , a synaptic group involved in synaptogenesis and possibly excitation/inhibition imbalance, and a gene expression group that participates in control of transcription or translation. Mouse models for human disease genes in the first group (NLGN3/4, SHANK2, SHANK3, DLGAP2, and NRXN1) recapitulate various aspects of ASD. The Neuroligin-3 R451C knockin mouse exhibits impaired social interactions (23, but see ref. 17) , the neurexin-1α knockout mouse shows repetitive grooming but no apparent changes in social behavior (22) , and ultrasonic vocalization is affected by NLGN4 deletion (22) . The Shank3 e4-9 mouse recapitulates all three ASD core traits (24) . Synaptic inhibition and E/I balance falls under regulation by oxytoxin signaling (25) , which has been implicated in ASD (2) . Oxytocin receptor knockout mice also display the major aspects of ASD (25) .
Representatives of the second gene group include modifiers of the mTOR pathway (TSC1/TSC2, NF1, and PTEN) (22) . Mice deficient in brain Fkbp12, a protein that modulates the mTOR pathway, show increased repetitive/perseverative behavior and enhanced contextual fear memory, along with increased latephase long-term potentiation and altered translational control (8) . Mice with truncations in Mecp2, a model of Rett syndrome, a disorder with aspects of autism, appear to recapitulate the ASD triad (22) . Ca V 1.2 channels must be regarded as full-fledged members of both synaptic and gene expression groups. L-type channels not only provide Ca 2+ signals at postsynaptic structures to drive synaptic plasticity (26) , but also help control local translation (27) and global transcription (28) . Given the strategic roles of Ca V 1.2, and the high penetrance of the TS mutation in causing autism, it is both striking and reassuring that we were able to observe a full triad of autism-related behaviors in our mice. The critical importance of Ca V 1.2 channels may also be reflected in its involvement in other psychiatric diseases, like bipolar disorder and, potentially, substance abuse and dependence (29) . Our behavioral approaches set the stage for future studies to explore altered brain circuits underlying the behavioral traits described here, and to determine whether the various behaviors can be modified by L-type channel blockers, either by early intervention or acute treatment.
Materials and Methods
See SI Materials and Methods for remaining behavioral tests, construction of TS2-neo mice, and general experimental conditions. Annex Test. One day after the home-cage activity test, a tube was attached to the home-cage that established a connection to a novel chamber. Approach behavior was scored from video recordings.
Automated Social Home-Cage Assay. After a 4-d habituation to a home-cage with a shelter and water/food in opposite corners, mice were further exposed for 4 h to an occupied (C57BL/6J male mouse) and an empty corral. Proximity to the corrals (<5 cm) was tracked with an infrared camera and tracking software.
Statistics. All data are presented as average ± SEM. Statistical significance was tested by using a two-tailed Student's t test or two-way ANOVA, except where indicated. See Table S2 for a list of statistical tests used for each dataset.
